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1 INTRODUCTION 
The bed of the Dutch part of the Rhine river is 
eroding by about 2.5 cm per year, causing numer-
ous problems such as (i) nonerodible parts of the 
bed forming sills, which cause problems for navi-
gation, and (ii) loss of stability of groins, bridges 
and banks. In 2011 the Dutch Ministry of Trans-
port, Public Works and Water Management will 
conduct a unique large-scale nourishment field 
experiment near Lobith to study if nourishment 
can counteract the Rhine river’s bed erosion. 
Such a field experiment is needed for providing 
more insight in the morphodynamic response to 
nourishment, as currently available mathematical 
models fail to predict the unsteady morphodynam-
ic response under bedform-dominated conditions. 
Numerical analyses by Blom (2008) and Ravens-
tijn (2009) have demonstrated an incorrect ma-
thematical description of the interaction between 
bedform dynamics, sorting, and morphodynamic 
effects. This also hinders the prediction of other 
unsteady morphodynamic behavior caused by 
flood events and dredging measures. 
 
Sediment conservation models for mixed sediment 
are crucial in the modeling of the interaction 
among bedform dynamics, grainsize-selective se-
diment fluxes, sorting, and bed level changes. Hi-
rano (1971) was the first to develop a sediment 
conservation model for mixed sediment. Its active 
layer represents the bed material that interacts 
with the flow and is available for entrainment by 
the flow. Blom & Parker (2004) provide an over-
view of the various types of sediment conserva-
tion models. For unsteady plane-bed conditions, 
Viparelli et al. (in press, a,b) recently conducted 
an extensive set of flume experiments, and applied 
the Hirano (1971) sediment conservation model to 
reproduce the observed trends. 
Crickmore & Lean (1962) and Ribberink 
(1987) were the first to stress the importance of 
deep bedform troughs with respect to the time 
scales of sorting and morphodynamics. Ribberink 
(1987) developed a two-layer model to incorpo-
rate how deep troughs cause lower bed elevations 
to be reworked over a larger time scale. Following 
Ribberink’s work, the author developed a new 
type of sediment conservation model that is de-
terministic in the computation of the morphody-
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namic response of the river bed, and stochastic in 
terms of the riverbed surface due to the presence 
of bedforms (Blom et al, 2006, 2008). 
However, both the Ribberink (1987) and the 
stochastic Blom et al. (2008) model suffer from 
shortcomings. The Ribberink two-layer model is 
not sufficiently generic as (1) its vertical sediment 
exchange term was calibrated on the flume expe-
riment in question; (2) the sediment exchange 
term is yet suitable for mixtures consisting of two 
size fractions only; and (3) under some conditions 
the sediment exchange term does not conserve 
mass. Application of the Blom et al. (2008) model 
is cumbersome as the model is complex and re-
quires a small numerical time step. This paper 
presents a new two-layer sediment conservation 
model for mixed sediment under bedform-
dominated conditions. It is a combination of the 
Ribberink (1987) two-layer model and the sto-
chastic Blom et al. (2006) sediment conservation 
model and can be applied to unsteady conditions 
in the field such as due to sediment nourishment. 
2 PROPOSED BED LAYER MODEL 
2.1 The active part of the bed 
Figure 1 shows the schematization of the active 
part of the bed in the new two-layer model for se-
diment conservation. The boundaries of the active 
part of the bed, i.e. elevations A and C, are deter-
mined from the probability distribution, Ps, of bed 
surface elevations (ݖ෥) relative to the mean bed 
level. The probability distribution Ps is determined 
using submodels 
• for the mean bedform height, e.g., a reduced 
version of the model developed by Shimizu et 
al. (2009) or Nabi et al. (2009); 
• relating the mean relative trough elevation Δba 
to the mean bedform height Δa by setting Δa = 
2 Δba, where Δba denotes the mean vertical dis-
tance between the mean bed level and the 
trough elevation (Figure 2); 
• imposing a Weibull distribution for the proba-
bility distribution of relative trough elevations 
Δb (Van der Mark et al., 2008), relating the 
standard deviation of the relative trough eleva-
tion, σb, to its mean value, Δba, by setting σb = 
0.63 Δba (Van der Mark et al., 2008), and as-
suming individual bed forms to have a triangu-
lar shape (Blom et al, 2006). 
The above procedure is explained in detail by 
Blom et al. (2006). 
The active part of the bed consists of two ac-
tive layers, layers AB and BC, which are exposed 
to the flow to a different extent. Elevations A, B, 
and C are derived from the probability distribution 
Ps at the specific time. Although the upper eleva-
tion of layer AB equals the mean bed level, ηa, 
layer AB reflects the sediment above elevation B 
up to the elevation where Ps(ηA) = 0.01 (Figure 1). 
Bed layer AB represents the bed material of which 
the vertical sorting profile can be assumed to have 
reached a steady-state at each point in time. 
Bed layer BC represents bed elevations reached 
by deep bed form troughs (Crickmore & Lean, 
1962, Ribberink, 1987, Di Silvio, 1992, Blom, 
2008) and is defined such that, on the time scale 
of interest, its grain size distribution (GSD) cannot 
be assumed to reach a steady-state at each point in 
time. In other words, the GSD of bed layer BC ad-
justs to changing flow conditions much more 
slowly than bed layer AB. Elevation B, ηB, sepa-
rates layer AB from layer BC and, for now, is the 
elevation where Ps equals 0.95 (Ribberink, 1987). 
In future work, elevation B, ηB, will be studied in 
further detail. 
 
 
Figure 1. The new two-layer model for sediment conserva-
tion. The schematization of the active part of the bed is 
based on the probability distribution, Ps, of relative bed sur-
face elevations, ̃ݖ. 
Figure 2. Geometric dune parameters. 
2.2 Governing equations of the new model 
Figure 3 shows a scheme of the morphodynamic 
model system for nonuniform sediment to which 
the new two-layer model for sediment continuity 
is applied. Like in the sediment conservation 
models analyzed by Blom (2008), we distinguish 
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three types of vertical sediment fluxes affecting 
the vertical sorting profile: 
I. vertical sediment fluxes through the migration 
of (irregular) dunes; 
II. vertical sediment fluxes through a change in 
time of the probability distribution of relative 
bed surface elevations, Ps; 
III. vertical sediment fluxes through net aggrada-
tion or degradation. 
These sediment fluxes are assumed to act inde-
pendently. Mass conservation in bed layer AB 
yields 
ܿ௕ డிಲಳ೔ఋಲಳడ௧ ൅ ܿ௕ܨ஻௜ డఎಳడ௧ᇣᇧᇤᇧᇥܫ, ܫܫܫ ൌ ߰஻௜ตܫܫ െ ߙ஺஻ డ௤ೌ೔డ௫ᇣᇧᇤᇧᇥܫܫܫ  (1) 
where cb = 1-porosity, FABi = mean volume frac-
tion content of size fraction i in layer AB, FBi = 
volume fraction content of size fraction i at inter-
face B, ηB = elevation of interface B, ߰஻௜ = grain-
size-selective sediment flux from layer BC to 
layer AB (which will be explained in Section 2.4), ߙ஺஻ = proportion of the aggradation/degradation 
flux that is attributed to layer AB (explained later 
in this section), and ݍ௔௜ = the sediment transport 
rate of size fraction i. Mass conservation in bed 
layer BC yields 
ܿ௕ డிಳ಴೔ఋಳ಴డ௧ ൅ ܿ௕ܨ஼௜ డఎ಴డ௧ᇣᇧᇤᇧᇥܫ, ܫܫܫ െ ܿ௕ܨ஻௜ డఎಳడ௧ᇣᇧᇤᇧᇥܫ, ܫܫܫ ൌ െ߰஻௜ᇣᇤᇥܫܫ െߙ஻஼ డ௤ೌ೔డ௫ᇣᇧᇤᇧᇥܫܫܫ  (2) 
where FBCi = mean volume fraction content of size 
fraction i in layer BC, FCi = volume fraction con-
tent of size fraction i at interface C, ηC = elevation 
of interface C, and ߙ஻஼ = proportion of the aggra-
dation/degradation flux that is attributed to layer 
BC. The volume fraction content of size fraction i 
at interface B, FBi, is given by ܨ஻௜ ൌ ܨ஺஻௭௜ሺߟଽହሻ  ݂݅ ߲ߟ஻ ߲ݐ ൐ Ͳ⁄ܨ஻஼௜  ݂݅ ߲ߟ஻ ߲ݐ ൏ Ͳ⁄   (3) 
In case of an increase in interface elevation B, the 
lower (relatively coarse) material from layer AB 
(ܨ஺஻௭௜ሺߟଽହሻ) is transferred to layer BC. The com-
putation of ܨ஺஻௭௜ሺߟଽହሻ will be explained in Section 
2.4. Likewise, the volume fraction content of size 
fraction i at interface C, FCi, is given by ܨ஼௜ ൌ ܨ஻஼௜   ݂݅ ߲ߟ஼ ߲ݐ ൐ Ͳ⁄ܨ௢௜   ݂݅ ߲ߟ஼ ߲ݐ ൏ Ͳ⁄   (4) 
where Foi = the volume fraction content of size 
fraction i just below layer BC. The constants αAB 
and αBC describe how vertical sediment fluxes 
through net aggradation and degradation (sedi-
ment fluxes of type III) are distributed between 
the two active layers of the bed. We distribute the 
amount of aggradation and degradation according 
to the bed layers’ exposure to the flow (Figure 1): ߙ஺஻ ൌ ׬ ݌௘݀ݖ஺஻ ൌ Ͳ.95 (5) ߙ஻஼ ൌ ׬ ݌௘݀ݖ ൌ Ͳ.Ͳ5஻஼  (6) 
where pe = the probability density function of bed 
elevations. By definition, the values for ߙ஺஻ and ߙ஻஼ need to fulfill the constraint ߙ஺஻ ൅ ߙ஻஼ ൌ ͳ. 
 
Figure 3. Scheme of the morphodynamic model system for 
nonuniform sediment to which the new two-layer model for 
sediment conservation is applied. Gray boxes represent sub-
models that are part of the sediment conservation model. 
Evolution of the vertical sorting profile occurs through ver-
tical sediment fluxes accompanying (I) dune migration, (II) 
a change in time of the PDF of relative trough elevations, 
and (III) net aggradation or degradation. 
2.3 Mean composition of the bed surface 
The mean composition of the bed surface needs to 
be known for computing skin friction, bedform 
height, and the grainsize-specific sediment trans-
port rates. In the new two-layer model, the GSD 
of the bed surface is determined by weighting 
over the GSD of two active layers by their expo-
sure to the flow, expressed by ߚ஺஻ and ߚ஻஼. The 
mean volume fraction content of size fraction i at 
the bed surface, Fsuri, then equals 
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ܨ௦௨௥௜ ൌ ߚ஺஻ܨ஺஻௜ ൅ ߚ஻஼ܨ஻஼௜ (7) 
where ߚ஺஻ ൌ ׬ ݌௘݀ݖ஺஻ ൌ Ͳ.95 (8) ߚ஻஼ ൌ ׬ ݌௘݀ݖ ൌ Ͳ.Ͳ5஻஼  (9) 
Note that the following constraint always needs to 
be fulfilled: ߚ஺஻ ൅ ߚ஻஼ ൌ ͳ. 
2.4 Fluxes through dune migration 
The GSD of the sediment flux due to dune migra-
tion between layers AB and BC, i.e. the vertical 
sediment flux ȥBi is computed from ߰஻௜ ൌ ଵ்ಷ ൫ܨ஻஼௜ െ ܨ஺஻௭௜ሺߟଽ଻.ହሻ൯ (11) 
where ܨ஺஻௭௜ሺߟଽ଻.ହሻ = the volume fraction content 
of size fraction i at the mean elevation of layer 
BC, η97.5, where η97.5 denotes the elevation above 
which 97.5% of the bed surface elevations occur 
(i.e. Ps(η97.5) = 0.975). The computation of ܨ஺஻௭௜ሺߟଽ଻.ହሻ is explained later in this section. The 
time scale TF of sediment flux ȥBi is given by 
Ribberink (1987): 
ிܶ ൌ ௖್଴.଴଺ ఒೌ௤ೌ (12) 
where Ȝa = mean bedform length, and qa = mean 
bed load transport rate. 
As bed layer AB is defined such that the sort-
ing profile can be assumed to have reached a 
steady state, we can apply the equilibrium sorting 
model developed by Blom et al. (2006) to bed 
layer AB. We assume that volume fraction content 
of size fraction i in the sediment transported over 
the crest of each single dune equals the mean vo-
lume fraction content of size fraction i in the 
transported sediment, Fai. The equilibrium sorting 
model by Blom et al. (2006) then provides a tool 
to compute the mean volume fraction content of 
size fraction i at elevation z within layer AB, FABzi, 
from ܨ஺஻௭௜ሺݖሻ ൌ ܨ௔௜ ׬಻ሺ೥ሻഊ∆ ఠ೔ሺ௭ሻ௣್ௗఎ್׬಻ሺ೥ሻഊ∆ ௣್ௗఎ್  (10) 
where Fai = the mean volume fraction content of 
size fraction i in the bedload transport, Ȧi = the lee 
sorting function, which is explained by Blom et al. 
(2006), ηb = relative trough elevation, pb = 
Weibull probability density function of relative 
trough elevations, J(z) = a Heaviside function 
which equals 1 when considering an elevation 
covered by bedform, Ȝ = the bedform length, and 
Δ = the bedform height. We apply the formulation 
for lee face sorting parameter δi developed by 
Blom & Kleinhans (2006) to compute Ȧi. The pa-
rameters J(z), Δ, and Ȝ are all dependent on the 
specific trough elevation, ηb. 
3 VALIDATION AGAINST EXPERIMENTAL 
DATA 
3.1 The flume experiment 
The author applies the new sediment conservation 
model to reproducing a flume experiment in 
which (1) mixed sediment was used; (2) condi-
tions with dunes prevailed; (3) net aggradation or 
degradation occurred; and (4) the vertical sorting 
profile was measured. As far as known to the au-
thor, Ribberink (1987) has been the only one who 
conducted such a flume experiment (i.e., experi-
ment E8-E9). The length, width, and height of the 
flume’s measurement section were 30 m, 0.3 m, 
and 0.5 m, respectively. The sediment mixture 
consisted of two sand fractions (grain sizes d1 = 
0.78 mm, d2 = 1.29 mm) with very little overlap. 
Figure 4. Data measured by Ribberink (1987) on (a) varia-
tion of the volume fraction content of the coarse size frac-
tion, F2, over bed elevations at the initial stage of experi-
ment E8–E9 (E8); (b) variation of F2 at the final stage (E9); 
and (c) probability density of relative trough elevations at 
the final stage (E9). Dashed lines indicate the mean bed lev-
el, ηa, at the corresponding stage of the experiment. 
 
All conditions in experiment E8-E9 were equal to 
the ones of the equilibrium stage of the previous 
experiment, i.e., experiment E8, except for the 
grainsize-specific sediment feed rates. A down-
ward coarsening trend characterizes the initial ver-
tical sorting profile, which equals the equilibrium 
sorting profile of stage E8 (Figure 4). From the 
start of experiment E8-E9, the sediment recircula-
tion system was changed to a sediment feed sys-
tem. The initial feed rate was equal to the equili-
brium sediment transport rate and GSD in 
experiment E8 (qa= 5.64 10
-6 m2/s, Fa1 = 0.5). 
Then, over a period of 30 h, Ribberink (1987) 
gradually reduced the volume fraction content of 
the fine size fraction in the sediment fed to the 
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flume to zero, while the total feed rate was main-
tained steady. Because of technical problems, the 
total feed rate, qa, decreased by about 5% over the 
first 30 h of the flume experiment. The duration of 
the experiment was 120 h. 
Because of the imposed increase of coarse se-
diment fed to the flume, the active part of the bed 
started to coarsen at the upstream end of the 
flume. As a result, the sediment transport capacity 
decreased and a small degradation wave migrated 
in the downstream direction. As the total feed rate 
was steady, an aggradation wave succeeded the 
small degradation wave. 
3.2 Results of validation 
We now apply the following sediment conserva-
tion models in reproducing experiment E8-E9: 
A. the Hirano (1971) active layer model; 
B. the Ribberink (1987) two-layer model;  
C. the stochastic Blom et al. (2008) sorting evo-
lution model;  
D. the Blom two-layer model presented in this 
paper. 
Figure 5 shows that models B through D well pre-
dict the timescale of adaptation of the GSD of the 
transported sediment at the downstream end of the 
flume. It illustrates that including the stochastics 
in bedform geometry has a positive effect on the 
predicted timescale of the physical processes. 
Figure 6 shows the computed time evolution of 
the geometric mean grain size of the active bed, 
dm95, at various positions. Ribberink (1987) esti-
mated the GSD of the active part of the bed by av-
eraging over all bed material above elevation η95, 
where η95 denotes the elevation above which 95% 
of the bed surface elevations occur (i.e. Ps(η95) = 
0.95). Figure 6 shows that due to the coarse sedi-
ment feeding the active part of the bed coarsened 
at the upstream end of the flume and a coarsening 
wave migrated in the downstream direction 
through the flume. 
Although the Ribberink two-layer model shows 
good results, it has some shortcomings: (1) its ver-
tical sediment exchange term was calibrated on 
the flume experiment in question; (2) the sediment 
exchange term is yet suitable for sediment mix-
tures composed of two size fractions only; (3) un-
der some conditions the sediment exchange term 
does not conserve mass; and (4) the elliptic cha-
racter of the set of equations is not eliminated 
completely (although the probability of becoming 
elliptic appears to be small). The two-layer model 
proposed in this paper (Model D) overcomes these 
problems and we can see that it suffices for this 
case study. For a more extensive assessment of the 
proposed model, the author foresees an extensive 
set of flume experiments under unsteady condi-
tions. These experiments will be conducted in the 
Fluid Mechanics Laboratory of Delft University 
of Technology. 
Figure 5. Time evolution of the volume fraction content of the fine size fraction in the transported sediment, Fa1, at x = 28.5 m. 
Predictions (lines) by (left to right) model A, the Hirano active layer model; model B, the Ribberink two-layer model; model C, 
the sorting evolution model; and model D, the Blom two-layer model presented in this paper. The dashed lines show the feed 
rate at the upstream end of the flume. Measured data (dots) originate from Ribberink (1987). 
Figure 6. Time evolution of the geometric mean grain size of the active part of the bed, dm 95, at various positions (x = 4 m, x = 
14 m, and x = 24 m). Predictions by (left to right) models A-D. Measured data (dots) originate from Ribberink (1987).
843
4 MORPHODYNAMIC RESPONSE TO 
OVERLOADING 
Although the proposed model awaits a more ex-
tensive validation based on a new set of unsteady 
flume experiments under bedform-dominated 
conditions, we now apply the commonly applied 
Hirano (1971) and the new Blom two-layer model 
to numerical elementary overloading experiments 
with uniform and mixed sediment: 
N1. Hirano active layer model, uniform sediment; 
N2. Blom two-layer model, uniform sediment; 
N3. Hirano active layer model, mixed sediment; 
N4. Blom two-layer model, mixed sediment. 
We simply apply the same conditions as in ex-
periment E8-E9 (for details, see previous section 
and Blom, 2008), except for the initial bed materi-
al and the sediment feed rate. In the mixed sedi-
ment experiments, the sediment consists of 2 sand 
fractions (d1 = 0.5 mm, and d2 = 1 mm). The ini-
tial bed material is homogeneous and consists of 
50% of each of the sand fractions. The uniform 
sediment experiments naturally consist of a single 
size fraction with the same geometric mean grain 
size as the mixed sediment experiments (dm = 
0.707 mm). The value for dm is determined from: ݀௠ ൌ ݀௥௘௙ʹିథ೘ (13) 
where ߶௠ ൌ ܨଵഥ ߶ଵ ൅ ܨଶതതത߶ଶ (14) ߶௜ ൌ െ logଶ ൬ ௗ೔ௗೝ೐೑൰ (15) 
where ܨపഥ = the mean volume fraction content of 
size fraction i in the bed, di = the grain size of size 
fraction i, ߶௜ = the arithmetic grain size of size 
fraction i, ߶௠ = the arithmetic mean grain size, 
and dref = the reference grain size (dref = 1 mm). 
The overloading factor is set equal to 2, which 
means that the sediment feed rate, qfeed, is equal to 
two times the initial sediment transport capacity 
(qfeed = 1.57 10
-5 m2/s). Note that by definition the 
final sediment transport capacity equals the sedi-
ment feed rate, qfeed. The volume fraction content 
of the fine size fraction in the sediment fed to the 
flume is set equal to the initial volume fraction 
content in the transported sediment (Ffeed,1 = 0.55). 
Figure 7 illustrates that for the uniform sedi-
ment numerical experiments (models N1-N2) the 
aggradation occurs more quickly and the final 
amount of aggradation before reaching a new 
steady-state and the final slope are larger than for 
the mixed sediment experiments (N3-N4). For the 
uniform sediment experiments a larger slope is re-
quired to be able to transport the sediment fed to 
the flume. 
Although the Hirano active layer model (model 
N3) shows similar results with respect to the rate 
and final amount of aggradation as the Blom two-
layer model (model N4), the results of the Hirano 
model differ significantly from the ones of the 
Blom two-layer model with respect to the mean 
grain size of the bed surface (Figure 8). The time 
scale of changes in the GSD of the bed surface is 
much longer for the Blom two-layer model, which 
is due to the latter model incorporating of the ef-
fect of the stochastics of bedform geometry. These 
larger time scales are due to the fact that stochas-
tics of bedform geometry cause sediment to be 
(temporarily) stored at elevations reached by rela-
tively deep bedform troughs. This sediment only 
becomes available for entrainment again when a 
new deep troughs migrates over the area. In con-
trast to the Hirano model, the Blom two-layer 
model includes this delaying effect of bedform 
stochastics. Figure 9 shows the geometric mean 
grain size dm of the bed material at various times. 
It illustrates how the development of the vertical 
sorting within the bed shows a very different be-
havior due to the inclusion of vertical sorting and 
bedform stochastics in the proposed Blom two-
layer model. 
 
Figure 7. Variation of aggradation over space, at various times. Predictions by (left to right) models N1-N4. 
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Figure 8. Variation of the geometric mean grain size of the bed surface over time, at various locations. Predictions by (left to 
right) models N1-N4. 
Figure 9. Predicted geometric mean grain size dm of the bed material, at various times. Predictions by (left to right) models N3 
and N4. 
5 CONCLUSIONS 
A new two-layer model for conservation of mixed 
sediment under bedform-dominated conditions is 
proposed. The model consists of two active layers 
that are exposed to the flow to a different extent. 
The upper active layer represents the bed material 
that reaches a steady-state with respect to vertical 
sorting instantaneously. The lower active layer 
represents the bed elevations that are reached by 
relatively deep bedform troughs only. This layer 
shows a larger time scale for reaching a steady-
state grain size distribution. The new two-layer 
model has successfully been validated through re-
producing the unsteady aggradational flume expe-
riment conducted by Ribberink (1987). We then 
applied the model in elementary numerical predic-
tions of the morphodynamic response to overload-
ing. The new model shows a significantly differ-
ent time scale of the adaptation of the grain size 
distribution of the bed surface, as well as a distinct 
development of vertical sorting of the bed materi-
al, compared to the commonly applied Hirano 
model. 
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